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Rapid assessment and validation
Degradation
Payment for ecosystem services
A B S T R A C T
Wetlands globally are highly threatened by agriculture, and damage associated with it, such as invasion by alien
species and the impacts of fertilizers and pesticides. South African palmiet wetlands make an interesting case
study to investigate this, as they are valuable valley-bottom, peat-forming systems, highly threatened by agri-
cultural development. Currently most agriculture in these palmiet wetlands is marginal (low agricultural pro-
ductivity) due to the challenges of farming a system that experiences severe floods and erodes rapidly, forming
gullies, when wetland vegetation is disturbed. The current situation seems to be a lose-lose situation for nature
and society. We aimed to assess this conflict between water-related services and agriculture objectively by
comparing provision of fifteen ecosystem services by degraded and pristine sections of three palmiet wetlands
using a rapid ecosystem service assessment tool (WET-Ecoservices). To validate this technique, we compared
results to those obtained from examining three key ecosystem service complexes in slightly more detail. We
found that pristine palmiet wetlands provide valuable ecosystem services to society, which are currently being
compromised for private, marginal agricultural gain. These pristine wetlands sequester between 21 and
41 g.m−2 of carbon per year, have nitrogen and phosphorus uptake efficiencies of 62–85% and 16–89% re-
spectively, and provide about 16 times more flood attenuation relative to degraded ones. The full impact of
degradation on wetland ecosystem services was not entirely captured by the rapid ecosystem service assessment
tool: WET-Ecoservices. We suggest some adaptations to this tool for the valley-bottom wetland hydro-geo-
morphic unit. Overall, these wetlands have high potential for incorporation into a Payments for Ecosystem
Services scheme, due to the ecosystem services provided and their position above important municipal dams. We
recommend collaboration between private landowners struggling with marginal agriculture, and decision ma-
kers in cities dealing with water shortages and debt to ensure the most efficient and judicious use of these
palmiet wetland ecosystem services.
1. Introduction
Wetlands are fragile ecosystems, essential for human well-being,
and yet threatened throughout the world (MEA, 2005). Wetlands are
also valuable ecosystems as they are responsible for providing various
complex ecosystem functions and services that no other ecosystems can
provide (Kotze et al., 2007; Moor et al., 2017). Important ecosystem
services typically provided by wetlands include water provision, water
purification, water regulation, and many others, including cultural
services. However, three ecosystem service complexes stand out where
wetlands are concerned: water flow regulation (water storage and flood
attenuation), climate regulation (energy exchange, carbon
sequestration and greenhouse gas emissions) and water quality reg-
ulation (biogeochemical transformations, retention or removal of ex-
cess nutrients/pollutants from runoff) (Moor et al., 2017). Moor et al.
(2017) call these ‘complexes’ as this illustrates the multiple aspects or
components of each ecosystem service (also see Boerema et al., 2017)
that may result in trade-offs or be mutually exclusive. Major threats to
wetlands globally are invasive species, which result in loss of suitable
habitats and biodiversity (Zedler and Kercher, 2004), as well as eu-
trophication as a result of increased fertilizer use. In South Africa,
wetlands are in a critical state, with more than 65% threatened (Nel and
Driver, 2012) and over 50% destroyed (Cowan, 1995). This is mainly
due to anthropogenic activities (Nel and Driver, 2012).
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Peatlands are rare in South Africa and are classified as wetlands
with organic soils constituting an average organic carbon content of
10% occurring within a depth of at least 20 cm (Job and Ellery, 2013).
Peatlands comprise different plant communities according to which
peatland region they occur in, characterized by various dominant spe-
cies which determine the characteristics of the peat (Job and Ellery,
2013). To date, eleven peatland regions have been defined in South
Africa (Marneweck et al., 2001). One type of South African peatland is
dominated by a unique plant species called palmiet, Prionium serratum,
which is endemic to southern Africa. Palmiet is noted to be a remark-
able species and is hypothesized to be an ecosystem engineer; species
that significantly modify their environment in their favour (Sieben,
2012). Due to its deep, extensive rooting structure and clonal nature, it
is thought to have stabilized river valleys within the Cape Floristic
Region, turning them into unchannelled valley-bottom wetlands and
allowing the formation of peat beds (Job, 2014). Due to this structure
and their position in the landscape, palmiet wetlands are thought to
provide valuable ecosystem services (Rebelo et al., 2015). Their re-
stricted size and distribution, their peat beds and the threats they face
in terms of habitat destruction have contributed to their importance
(Gründling and Grobler, 2005; Rebelo et al., 2015).
Most palmiet wetlands occur on land that is privately owned
(Rebelo et al., 2017). The current economic system incentivizes farm
owners to optimize food production, which provides them individual
economic benefits, and does little to reward protection of natural re-
sources that would ensure long-term provision of multiple ecosystem
services to society at large (Gull, 2012). Palmiet peat-beds have rich
soils, favourable for agriculture. However, using the wetland for agri-
culture is not compatible with other ecosystem service supply, most
notably clean water (Gull, 2012; Rebelo, 2012; Rebelo et al., 2015). The
associated valley-bottom is also not suitable for agriculture, often being
narrow and at high risk of floods (Rebelo et al., 2015). Wetlands that
are developed for agriculture eventually become eroded, gullies form,
the water table lowers, resulting in marginal (low agricultural pro-
ductivity) agriculture (Gull, 2012; Rebelo, 2012; Rebelo et al., 2015).
Additionally, there is the perception that wetlands are ‘wastelands’ that
show potential for more productive use (Job and Ellery, 2013). This has
often led to the mechanical removal of palmiet wetland vegetation
(channelization), as this is perceived to ‘improve riverflow’ (Rebelo,
2012). Therefore, a key issue is the trade-off in ecosystem service
provision between these two different land-use scenarios: wetlands or
the agriculture that would replace them. Ultimately the resulting
wetland degradation is neither beneficial to farmers nor to downstream
beneficiaries or stakeholders (Gull, 2012; Rebelo, 2012; Rebelo et al.,
2015). Research has shown that only about 50% of the landowners in
the Kromme catchment are able to make ends meet by farming alone
(Gull, 2012).
Facing challenges such as the presented case of South African pal-
miet wetlands, ecosystem services can be a valuable tool to aid policy
and decision making, by taking into account the entire suite of eco-
system services that an ecosystem provides (de Groot et al., 2010). The
ecosystem services concept is particularly useful when trade-offs be-
tween various ecosystem services need to be considered (Seppelt et al.,
2011). We aim to compare ecosystem service provision between de-
graded and pristine palmiet wetlands to understand which ecosystem
services are affected by degradation, and to have an overview of the
true cost (in terms of effects on ecosystem services) of wetland devel-
opment, and ultimately degradation. A detailed study of the benefits of
agriculture is out of the scope of this study, however we draw from the
research of Gull (2012) in the Kromme catchment in this regard. We
used a rapid ecosystem service assessment tool (WET-Ecoservices) to
evaluate fifteen ecosystem services in degraded and pristine wetlands
(Kotze et al., 2007). To validate this technique, we examine the three
key ecosystem service complexes in slightly more detail, with the aim to




Three palmiet wetlands within the Cape Floristic Region of South
Africa were selected as study sites (Fig. 1). Despite being situated as
much as 470 km apart, these peatlands are remarkably similar in bio-
chemistry and vegetation community composition (Rebelo, 2017;
Rebelo et al., 2017). From each of these wetlands, degraded and pris-
tine parts of the wetland were compared. Relatively wide valley reaches
with unchannelled palmiet wetlands were considered to be pristine
(least disturbed, or reference) wetland sections. A certain degree of
channelization is likely in pristine palmiet basins at points of valley
constriction and increased slope (Pulley et al., 2018). Adjacent and
geomorphologically similar valley reaches for which it is known that
palmiet wetlands have been lost (either through clearing for agri-
culture, invasion by alien trees, or extensive gully erosion (Rebelo et al.,
Fig. 1. The location of the three catchments in the Cape Floristic Region (green) of South Africa containing the seven palmiet wetlands used in this study. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
A.J. Rebelo et al. Ecological Indicators 101 (2019) 71–80
72
2017)) were considered degraded. (Table A1). All wetlands are an
important source of water for agriculture, and in addition the Thee-
waterskloof and Kromme are essential water sources for nearby cities,
with large municipal dams downstream (Table A1) (Rebelo, 2012).
2.2. Rapid assessment: WET-Ecoservices tool
Fifteen ecosystem services were assessed using the rapid WET-
Ecoservices tool (Kotze et al., 2007) (Table A2). The purpose of the
WET-Ecoservices tool is to provide quick ecosystem service assessments
of South African wetlands for decision makers, government, planners,
consultants and educators. The authors acknowledge that this rapid
assessment is not a substitute for a more thorough multi-disciplinary
assessment. It is also not a quantitative method. The basis of this tool is
the hydro-geomorphic type that each wetland belongs to (e.g. seep,
valley-bottom, floodplain, depression) (Kotze et al., 2007). Thus a first
step is to identify this hydro-geomorphic type(s) for the wetland in
question. Palmiet wetlands tend to be predominantly unchannelled in
their pristine state, and become highly channelized (or the alluvium is
entirely lost) through gully erosion with degradation, changing hydro-
geomorphic unit (Table A1). Users then score characteristics of the 15
ecosystem services from 0 to 4 based on questionnaires that have been
developed for each ecosystem service for these South African wetlands
(Table A2). Scores are based on field observations or measurements,
calculations and information from literature, databases and expert
knowledge. A score of 4 would be the highest possible ecosystem ser-
vice provision, whereas 0 suggests that the wetland is entirely incapable
of providing the ecosystem service in question. The tool avoids com-
plicated weighting systems, and instead uses averages to obtain overall
comparable ratings.
Provisioning and cultural ecosystem services (direct benefits) are
assessed by ‘noteworthiness’, different aspects considered for different
services (see Table A2), while regulating ecosystem services are scored
both for ‘effectiveness’ as well as ‘opportunities for improvement’, and
these two categories are averaged (Kotze et al., 2007). ‘Opportunities
for improvement’ of ecosystem service provision is rated by the realized
importance/value of the benefit, (i.e. for the ecosystem service flood
attenuation: extent of floodable property downstream), as well as fixed
capacity of the catchment (i.e. rainfall intensity, average slope) and
other variable factors (i.e. land-use, runoff potential of soils) which
could potentially be restored or improved. Confidence for each char-
acteristic is also assessed on a scale of 1–4 (1 being low confidence and
4, very high confidence). Wetland size is cited to impact certain eco-
system services (positively related), such as flood attenuation, sediment
trapping, nutrient and toxicant assimilation, erosion control, carbon
storage and food provision. However, in our case, the degraded parts
(hydro-geomorphic units) of the study wetlands tended to be larger
than pristine parts (Table A1), and therefore it would only have the
potential to over-estimate ecosystem service provision of degraded
wetlands, not that of pristine wetlands, yielding more conservative
comparisons. Overall threats (potential detrimental impact on eco-
system service provision) and future opportunities (enhancing the ef-
fectiveness of the hydro-geomorphic unit, or increasing the direct use of
a wetland) are also scored for each wetland site. The rationale of this
study is to compare the performance of the WET-Ecoservices tool in
terms of relative rankings between the different sites with the relative
differences in field measurements (Section 2.3).
2.3. Quantified wetland ecosystem services
We also estimated components of the three wetland ecosystem
service complexes cited as important by Moor et al. (2017) in this study.
2.3.1. Carbon sequestration
Carbon sequestration was estimated based on the long-term peat
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palmiet wetlands in the Goukou, peat at 4m deep was estimated to be
5050 ± 30 years old based on results of carbon dating (Job, 2014). In a
study done on the Kromme palmiet wetlands, peat, at 4.05m depth,
was estimated to be 5620 ± 70 years old (Nsor, 2007). This yields
long-term peat accumulation rates of between 0.79 and 0.72mm.a−1
respectively. These long-term rates of peat accumulation are slow re-
lative to other peatlands globally, e.g. 2.5–11mm.a−1 in the sub-
tropical Everglades of Florida (Reddy et al., 1993), and 1.4–2.1mm.a−1
in the high-altitude Andean peatlands of Bolivia (Hribljan et al., 2015),
but comparable to other South African studies (Nsor, 2007). No carbon
dating has been done on the Theewaterskloof wetland peat, and
therefore the full range of accumulation rates estimated for the other
two sites was applied (0.71–0.80mm.a−1). Peat accumulation
(g.m−2.a−1) was calculated by multiplying the accumulation rates
(mm.a−1) by soil bulk density (g.cm−3) for each wetland site (Table 1).
Bulk density, soil organic matter (%) and total carbon (%) were aver-
aged from field measurements taken in 2014 and 2015 (Rebelo, 2017).
Carbon Sequestration (g.m−2.a−1) was calculated by multiplying peat
accumulation by the averaged % carbon measured for the wetland
(Table 1). Organic matter accumulation (g.m−2.a−1) was calculated in
the same way, but using % organic matter (Table 1). Finally, carbon
storage (t.a−1) was calculated by multiplying carbon sequestration by
the area of the wetland in question.
Uncertainty was estimated for all parameters by using the un-
certainty in the dating of the peatlands, yielding uncertainties of
0.71–0.80mm.a−1 for the Theewaterskloof wetland,
0.79–0.80mm.a−1 for the Goukou and 0.71–0.73mm.a−1 for the
Kromme (Table 1). Within degraded wetlands, peat accumulation and
its uncertainty were estimated for remaining patches of wetland. In
addition peat loss and its uncertainty for parts of the degraded wetlands
that have been entirely eroded or drained was also calculated, as well as
the tonnes of stored carbon that would be released if all the pristine
wetlands were to degrade following a similar pattern to the degraded
ones (Table 2). These calculations assume that carbon dioxide is re-
leased to the atmosphere as a result of decomposition due to oxidation
whilst drying out at the site. This is a reasonable assumption according
to research by Rebelo (2017) which shows that soil carbon content
significantly declines following degradation. During flood events, the
alluvium may be washed downstream, however in the case of the
Theewaterskloof and the Kromme, this sediment would end up in the
dams downstream (Rebelo et al., 2015). Another assumption is the
linear relationship of peat accumulation with time. It is likely that peat
accumulation has declined with time, and therefore these values pre-
sented in this research are likely to be upper estimates. This study in-
vestigates carbon sequestration due to peat accumulation only, not
storage in vegetation nor mineral soils.
2.3.2. Water quality regulation
Water quality regulation is a complex ecosystem service; and
whether certain nutrients or pollutants are taken up depends on the
properties of the particular solute or sediment itself, the wetland, the
season, and other conditions (Rebelo, 2017). One simple way to esti-
mate wetland water quality regulation, is to estimate the nitrogen and
phosphorus uptake rates across a stretch of wetland using opportunistic
sampling locations (preferential flow paths through the wetlands, or
gullies). Mean nitrogen and phosphorus uptake were estimated, as well
as efficiency (%) in degraded and pristine sections of these three pal-
miet wetlands (Rebelo et al., 2018; Rebelo, 2017; Table 3). Nutrient
uptake efficiency was calculated by taking the percentage of the
amount of nutrients leaving the wetland from the amount entering the
wetland. These estimates have high uncertainty, as (1) they are limited
by the level of pollution the system was experiencing at the time of
sampling (thus true capacity could be underestimated), (2) uptake rates
may change over time, eventually showing saturation and decreased
uptake capacity with prolonged eutrophication (Verhoeven et al.,
2006), and (3) it is only one measurement in time (Fisher and Acreman,
2004). Estimates of mean total phosphorus and nitrogen uptake by
degraded and pristine sections of palmiet wetlands were calculated by
multiplying the mean uptake per area by the area of each of the seven
study wetlands (Table 4). Uncertainty was calculated using the stan-
dard deviation (Table 3) to obtain an upper estimate of nutrient uptake
for pristine sites (Table 4). The lower estimate was set as 0, as no
pristine wetlands were shown to act as sources of nutrients. For de-
graded wetlands both the upper and lower estimates were taken from
the standard deviation (Table 4).
2.3.3. Flood attenuation
We estimated the flood attenuation ability of palmiet wetlands by
considering the relationship between daily rainfall and riverflow for
extreme rainfall events (defined as the 20 largest individual rainfall
events in each of five decades from 1950 to 2000) and resultant
stormflow in the Kromme catchment over 50 years (Rebelo et al.,
2015). The flashier the system is (poor flood attenuation), the steeper
the gradient of the relationship between riverflow and rainfall. For the
purposes of this indicator, from observations of 50 years of data (Rebelo
et al., 2015), we assume the worst possible flood attenuation for pal-
miet wetlands is a 1:1 relationship between riverflow and rainfall
(maximum gradient of 1). Since the relationship itself is a surrogate for
‘flashiness’, the inverse of this relationship (1-z) expressed as a per-
centage can be used as an indicator for flood attenuation. We related
this relationship to percentage cover of the wetland relative to the
valley-floor using historical data from the Kromme River (Rebelo et al.,
2015, Table 5). The assumption is that wetland cover would be one of
the major factors influencing flood attenuation. We used a sigmoidal
curve (nonlinear regression) using the nls() function in the Stats
Package in r to model the relationship for the Kromme wetland (Bates
and Chambers, 1992), which produced a very good fit (p < 0.01). The
model (y= 0.97/(1+ exp((0.25− x)/0.04), where y is the flood
Table 2
Estimates of uncertainty for peat loss from degraded sections of wetland where the alluvium has been lost or soil dried out, and the tonnes of stored carbon that would
be released if all the pristine wetlands were to degrade following a similar pattern to the degraded ones (Job, 2014; Kotze, 2015; Nsor, 2007).












(km2) lower mean upper lower mean upper
Theewaterskloof degraded 0.5–1.0 0.29 145,000 217,500 290,000 0.52 8.3 6272 9408 12,544
pristine 0.6 300,000 450,000 600,000 0.32 12.9 12,482 18,723 24,965
Goukou degraded 3.0–10.0 0.33 990,000 2,145,000 3,300,000 1.10 1.8 19,455 42,153 64,850
pristine 0.31 930,000 2,015,000 3,100,000 0.28 16.4 43,091 93,363 143,636
pristine 0.52 1,560,000 3,380,000 5,200,000 0.31 16.5 80,006 173,346 266,686
Kromme degraded 0.5–2.8 0.62 310,000 1,023,000 1,736,000 1.18 1.0 3746 12,363 20,980
pristine 0.6 300,000 990,000 1,680,000 0.37 8.0 8951 29,540 50,128
Total 4,535,000 10,220,500 15,906,000 174,004 378,897 583,789
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attenuation index, and x is the percentage cover of wetland relative to
the valley floor, was then applied to the area of other wetlands relative
to the valley bottom of their catchment to estimate respective flood
reduction (Table 6).
Uncertainty was quantified overall from the R-squared values for
the relationship between riverflow and rainfall (Rebelo et al., 2015,
Table 5). The values for the years investigated (Table 5) were averaged,
giving a relative uncertainty of 45.97%. This was applied to each es-
timate to give an upper and lower bound of uncertainty for each flood
retention value. This method is over-simplified, as there are more fac-
tors contributing to the attenuation of floods than simply the area of
wetland in a catchment. Examples of these are geomorphological con-
siderations such as the slope of the catchment, the width of the valley-
floor, the connectivity with groundwater, the depth of the peat and the
quality of the wetland itself, as well as ecological considerations: the
vegetation cover on the watersheds and biomass of the wetland vege-
tation.
3. Results
According to the rapid ecosystem service assessment, pristine pal-
miet wetlands provided a greater suite of ecosystem services compared
to degraded ones (Fig. 2). Specifically, pristine wetlands scored higher
for water-related ecosystem service provision as well as carbon storage,
compared to degraded ones. Degraded wetlands consistently scored
highly for maintenance of biodiversity. Cultural significance scored low
for all palmiet wetlands, whether degraded or pristine. Both Kromme
wetlands (degraded and pristine) provided the greatest suite of eco-
system services compared to the other wetlands, Theewaterskloof
wetlands scoring the lowest overall. Theewaterskloof differed from the
other two catchments in that it currently has no agriculture, therefore
provides no cultivated food. The pristine Theewaterskloof wetland
provided more regulating ecosystem services, including carbon storage
and erosion control, whereas the degraded wetland (gully erosion and
invasive alien plants) scored higher for ‘water supply for human use’.
The pristine Goukou wetlands provided a similar suite of ecosystem
services (high regulating ecosystem services provision, moderate pro-
visioning ecosystem services). The degraded Goukou wetland (gully
erosion, invasive alien plants and agriculture) scored lowest for carbon
storage as well as tourism and recreation. The pristine Kromme wetland
provided higher levels of regulating ecosystem services (particularly
streamflow regulation, erosion control and carbon storage) and some
provisioning ecosystem services (water supply for human use) com-
pared to the degraded wetland (severe gully erosion, invasive alien
plants and agriculture). In terms of risk of potential threats (Table A3),
the degraded Theewaterskloof and both Kromme wetlands scored the
highest. Degraded wetlands had the highest scores for opportunities for
improvement of ecosystem service provision, which tended to increase
Table 3
Mean and standard deviation of estimates of total phosphorus and nitrogen uptake by degraded and pristine sections of palmiet wetlands (n= 9), as well as uptake
efficiency as a percentage. Negative values indicate nutrient release from the system.
Total P uptake per area
(mg.km−2.s−1)
Kjeldahl N uptake per area
(mg.km−2.s−1)
Mean Standard deviation Uptake efficiency (%) Mean Standard deviation Uptake efficiency (%)
Pristine 216 432.6 55 ± 33.0 712 1409.0 59 ± 26.4
Degraded −159 553.7 −1120 ± 1547.8 −815 2052.3 −1284 ± 1432.6
Table 4
Estimates of total phosphorus and nitrogen uptake by palmiet wetlands including uncertainty (upper and lower limits). Extent indicates the area of wetland,
regardless of condition or amount of peat remaining.
Wetland State Extent
(km2)
N uptake (mg.s−1) P uptake (mg.s−1)
Lower Mean Upper Lower Mean Upper
Theewaterskloof degraded 0.38 −1090 −310 470 −271 −61 150
pristine 0.60 0.00 427 1273 0.00 129 389
Goukou degraded 0.59 −1692 −481 730 −421 −94 233
pristine 0.31 0.00 221 658 0.00 67 201
pristine 0.52 0.00 370 1103 0.00 112 337
Kromme degraded 0.68 −1950 −554 842 −485 −108 268
pristine 0.60 0.00 427 1273 0.00 129 389
Table 5
Relating area of wetland relative to the valley floor (1330.8 ha) to the observed
reduction in flooding. Reduction in flooding was estimated using the relation-
ship between rainfall and riverflow for extreme rainfall events and resultant
stormflow in the Kromme catchment over 50 years (Rebelo et al., 2015). This
relationship between riverflow and runoff was expressed as a percentage using
the worst case scenario extrapolated from the data: 0% wetland cover with a
resultant gradient of 1 to get a ‘flashiness index’. This index was then inverted
(100-z) to determine the flood attenuation index (%).






1950’s 668.58 50.24 95
1960’s 381.34 28.66 67
1980’s 241.43 18.14 14
2000’s 209.03 15.71 34
Table 6
Estimates of uncertainty for flood attenuation: mean values as well as upper and
lower estimates are given based on uncertainty in the fit of the relationship
between rainfall and runoff.
Wetland State Extent % of valley
bottom
% flood reduction
(km2) Lower Mean Upper
Theewaterskloof degraded 0.09 17 6 12 17
pristine 0.60 100 52 97 100
Goukou degraded 0.26 14 3 6 8
pristine 0.31 100 52 97 100
pristine 0.52 100 52 97 100
Kromme degraded 0.06 4 0 1 1
pristine 0.60 100 52 97 10
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their overall ecosystem services scores (Table A3).
Long-term rates of carbon sequestration of wetland fragments from
6 to 60 ha in size are estimated at between 9 and 41 g.m−2.a−1
(Table 7), though it will probably be lower as it is based on the long-
term average which is likely not to be linearly related to time. Ob-
servations in this study suggested that degraded wetland sites tend to be
net exporters of sediment (and therefore peat and carbon) due to
extensive erosion. To use the example of the gully formed in the de-
graded Theewaterskloof wetland (Rebelo et al., 2017), which is
15618.4 m3 in size, formed over 10 years, could imply a loss of 1562m3
alluvium per annum (an estimated 204m3 of carbon, but possibly less
since it has been shown that not all the alluvium is peat (Kotze, 2015)).
From the degraded wetlands, around 3 385 500m3 of alluvium has
been lost, translating to an average of 441 800m3 carbon (Table 2). Not
Fig. 2. Results of ecosystem service provision for three South African palmiet wetlands displayed on radar charts. The 15 ecosystem services are scored from 0 to 4;
red charts indicate degraded wetlands and green pristine. The extent of each wetland section analysed using WET-EcoServices is indicated in red (degraded) and
green (pristine). For location of catchments in South Africa see Fig. 1. See Fig. A1 for scores for each ecosystem service. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
Table 7
A comparison of estimated ecosystem service values as a function of wetland area (km2) and scores from the WET-Ecoservices rapid assessment for three key wetland
ecosystem service complexes. Carbon sequestration is given as mm peat formation per annum based on an accumulation rate of 0.76 mm.a−1. Water purification is
based on nutrient uptake rates of N and P respectively. Water regulation is given as the reduction of floods compared to the worst case scenario (%), based on the
percentage of the valley bottom occupied by the wetland. Floods are defined as extreme rainfall events and their resultant stormflow. Details and uncertainty
estimates are given in the Methods. Theew: Theewaterskloof, D: degraded, P: pristine.















Theewaterskloof D 0.09 33 3 1.3 −310 −61 1.3 12 1.7
P 0.60 31 19 4.0 427 129 2.4 97 1.8
Goukou D 0.26 16 4 1.0 −481 −94 2.2 6 1.6
P 0.31 37 11 4.0 221 67 2.4 97 1.6
P 0.52 41 21 4.0 370 112 2.5 97 1.4
Kromme D 0.06 9 1 0.7 −554 −108 2.5 1 2.3
P 0.60 21 13 4.0 427 129 2.6 97 2.7
Mean Degraded 0.10 19 3 0.75 −336 −66 1.50 6 1.40
Mean Pristine 0.51 33 16 4.00 361 109 2.48 97 1.88
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considering the emissions from gully erosion, pristine wetlands con-
sidered in this study store 5 times more carbon per year relative to
degraded wetlands. If the pristine wetlands were lost to erosion, this
would represent a loss of between 17 404-583 789 tonnes of carbon
(Table 2, see also Tables A4 and A5 for results of ecosystem service loss
if pristine wetlands became degraded, and estimates of what ecosystem
services would have been provided if the degraded wetlands had not
been lost). The rapid assessment tends to score degraded palmiet wet-
lands as a 1 and pristine ones as a 4 for carbon storage.
Pristine wetlands had nitrogen and phosphorus uptake rates of 221
to 427mg.s−1 and 67 to 129mg.s−1 respectively (Table 7). Degraded
wetlands appeared to act as a source of nutrients. Conversely, the rapid
assessment yielded very similar scores for water quality regulation for
pristine and degraded wetlands. Estimates of the ecosystem service
flood attenuation suggest that pristine wetlands provide about 16 times
higher flood attenuation compared to degraded ones (Table 7). Again,
the rapid assessment tended to score flood attenuation very similarly
for degraded and pristine wetlands.
If the 16.79 km2 of major remaining palmiet wetlands in the Cape
Floristic Region identified in Rebelo et al. (2017) are lost to channel
erosion or other degradation, it would represent a total estimated loss
of 548 t.a−1 of peat formation on average (from 537 to 559 t.a−1), as
well as the release of thousands of years’ worth of stored carbon into the
atmosphere (estimated 5000–6000 years (Job, 2014; Nsor, 2007,
Table 8)). An estimated water purification capacity of roughly 10 g of
nitrogen (222 kg.ha−1.a−1) and 3 g phosphorus per second
(67 kg.ha−1.a−1) would be lost with damage to this ecological infra-
structure. Additionally, nutrient uptake efficiencies are estimated to be
55 ± 33.0% for phosphorus, and 59 ± 26.4% for nitrogen (Table 3).
Finally, a loss of these palmiet wetlands would represent a loss of an
estimated 61% flood reduction capacity overall (1–97%). This flood
attenuation capacity represents significant protection for downstream
agriculture, infrastructure and safety to people (Rebelo, 2012).
4. Discussion
An important trade-off appears to exist between the potential food
provision of these wetlands and water-related ecosystem services, such
as water provision, purification, flood attenuation, as well as with
carbon storage. This is evidenced by the fact that pristine wetlands
score higher for water-related ecosystem services and carbon storage,
and wetlands degraded by agriculture tend to score lower. Interestingly,
degraded wetlands only score slightly higher for food provision (culti-
vated foods) than pristine wetlands. This is because this ecosystem
service is scored not only on the total number of crops cultivated in the
hydro-geomorphic unit, but also takes into account the opportunity for
supply, with an emphasis on supplying impoverished communities
(location of hydro-geomorphic unit in rural communal area, level of
poverty, number of households depending on crops, and substitutability
of the crops). However commercial cultivation and grazing takes place
in the wetlands of the Goukou and Kromme, with little subsistence
farming or none at all (Gull, 2012). Commercial agriculture takes place
in these wetlands despite them being listed as South African Heritage
Resources Agency sites (having heritage value based on the presence of
paleontological sites, archeological sites, battle fields, meteorite sites,
graves or burial grounds).
Agriculture on the valley floor is at risk of high energy floods
characteristic of this wetland type (Rebelo et al., 2015). This leads to
marginal agriculture, except where extreme, and illegal, river en-
gineering is undertaken on the valley bottom (Rebelo, 2012). As an
example: canalization, dredging and the building of berms has been
done in the Kromme wetland to protect fruit orchards within the last
10 years (Rebelo, 2012). From the results, it seems that this type of
wetland degradation, the profit of which benefits one landowner in the
short-term, can be expected to affect water-related ecosystem services
for landowners downstream, as well as society at large. To continue
with this specific example from the Kromme, the degradation is likely
to affect landowners downstream (increased risk of flooding, increased
sedimentation, a decrease in water quality), the population of the city
Port Elizabeth (decreased water supply in the dry season, increased
expense for purifying water, siltation of the Churchill Dam), as well as
South Africa at large (increased CO2 release and loss of ecological in-
frastructure capable of sequestering carbon). Other studies have noted
this loss of ecosystem service provision with loss of wetland integrity
(McLaughlin and Cohen, 2013; Zedler and Kercher, 2004).
The reason that degraded wetlands scored highly for maintenance of
biodiversity on the rapid assessment was that degraded wetlands –
those with cultivation – provide habitats for International Union for
Conservation of Nature listed species, such as the blue crane
(Anthropoides paradiseus). However, the Kromme wetland in particular
is also known to be home to endangered species of redfin fish, endemic
to that catchment, whereas blue cranes occur on many farmlands. This
is not taken into account in the rapid assessment. Additionally, scores
for maintenance of biodiversity are assessed based on ‘opportunity’ (i.e.
alteration of ecological regimes, loss of indigenous vegetation, invasion
by alien species), which reduces the difference between the score of
degraded and pristine wetlands. Degraded wetlands also have a high
number of alien plant species, the most damaging of which are invasive,
such as black wattle (Acacia mearnsii), poplar (Populus sp.) and bramble
(Rubus fructicosus) (Rebelo et al., 2015). Unlike many other wetland
ecosystems, palmiet wetlands have low cultural significance. In fact, it
is likely that degraded palmiet wetlands would hold more cultural
significance as people tend to prefer open bodies of water for activities
such as swimming. There are historical records of indigenous Khoe-San
Table 8
Palmiet wetland ecosystem service provision as a function of wetland area (km2) in eight different wetland remnants. Carbon storage is calculated by multiplying
carbon sequestration (33 g.m−2.a−1) by wetland extent (t.a−1). Water purification is based on nutrient uptake rates of N and P of 0.71 g.km−2.s−1 and 0.22 g.
km−2.s−1 respectively. Water regulation is given as the reduction of floods compared to the worst case scenario (%), based on the percentage of the valley bottom










% of valley bottom % flood reduction
Citrusdal Berg Catchment (G) 0.27 9 192 58 5 1
1.26 41 897 272 19 16
Theewaterskloof Breede Catchment (H) 2.43 79 1731 524 54 97
2.92 95 2083 630 41 95
Duivenhoks 1.20 39 852 258 39 94
Goukou 5.80 189 4131 1250 42 96
George Tsitsikamma Catchment (K) 0.82 27 582 176 31 1
Kromme 2.09 68 1488 451 16 9
Total (Mean) 16.79 548 11,955 3618 31 61
A.J. Rebelo et al. Ecological Indicators 101 (2019) 71–80
77
people using pristine palmiet wetlands as spiritual sites, however
knowledge on these wetlands beyond their source of food (edible apical
meristems of palmiet) has been lost (De Vynck et al., 2016; Skead,
2009).
4.1. Three ecosystem service complexes
It must be emphasized that these results are only estimates and they
are based on values which have high uncertainty (see methods for de-
tails). However, it is certain that the direction of these estimations is
correct: that with a loss of wetlands, there would be a loss of ecosystem
services (see also Tables A4 and A5). Therefore, these estimations are
still useful as they help to highlight the importance of these wetlands. It
is clear that losing the remaining palmiet wetland fragments would
represent a significant loss of ecological/green infrastructure (or natu-
rally functioning ecosystems that deliver ecosystem services to society
(Benedict and McMahon, 2006)).
Water purification estimates compare well with those of other stu-
dies, for example uptake rates of 0.13–10 kg P.ha−1.a−1 and
52–337 kg N.ha−1.a−1 were found in Danish riparian wetlands
(Hoffmann et al., 2011), and 2.7 kg P.ha−1.a−1 and 339 kg N.ha−1.a−1
in constructed wetlands in Illinois, USA (Hoagland et al., 2001). Re-
stored wetlands in Illinois and Iowa, USA, had uptake efficiencies of
68% nitrogen and 43% phosphorus (Woltermade, 2000), and 47% ni-
trogen and 29% phosphorus in constructed wetlands in Illinois
(Hoagland et al., 2001). The loss of the water purification ecosystem
service in palmiet wetlands could occur in two ways: either through
crossing a pollution threshold or through the loss of the wetlands
themselves through erosion or removal for agriculture (Rebelo, 2017).
Pollution of palmiet wetlands through agricultural runoff will make use
of the water purification ability of these wetlands, however this too will
have a cost, in terms of declining capacity with use, and impacts on
biodiversity (Verhoeven et al., 2006). Carbon sequestration rates also
compared well with other studies globally. Undisturbed peatland in
Scotland accumulated 0.25 t.ha−1 carbon per year according to
22months of continuous eddy covariance measurements (Hargreaves
et al., 2003). Long-term carbon accumulation rates in Finland, Estonia
and Maine (USA) ranged from 4.6 to 85.8 g.m−2.a−1 depending on the
location, wetland type and age (Page et al., 2004). Reduction of palmiet
wetland area combined with degradation in other parts of the catch-
ment (e.g. increased fire return interval on the mountains) has been
shown to increase flood response (Rebelo et al., 2015). Historically this
has resulted in increased damage, in terms of loss of agriculture (e.g.
orchards washing away), damage to infrastructure such as roads and
bridges, and even death (Rebelo, 2012).
4.2. An assessment of the rapid ecosystem services tool
There is an urgent need for validation of ecosystem service assess-
ments, however these are few and far between (Boerema et al., 2017).
The South African WET-Ecoservices tool was useful for rapid assess-
ments of palmiet wetlands, to give an idea of the overall ecosystem
service trade-offs and synergies for degraded compared to pristine
wetlands. However, when these relative differences between degraded
and pristine wetlands were compared with the results of three eco-
system services which had been estimated in more detail, it seemed that
the rapid assessment scored degraded wetlands higher than they
should. This is particularly evident for the ecosystem service flood at-
tenuation and water purification. The reason for these unrealistically
high scores seems to be the fact that ‘opportunities for improvement’
are included in the final score along with ‘effectiveness’. Opportunities
for improvements within the pristine wetlands are lower than the de-
graded wetlands, as they already supply the highest level of ecosystem
services they are intrinsically able to provide. The authors do recognize
this limitation, and suggest that, where appropriate, both scores should
be reported (Kotze et al., 2007). However, upon scrutiny, we decided to
leave these scores as an average because we considered the ‘opportu-
nities for improvement’ to be less about future improvements and more
about whether there were beneficiaries for the ecosystem services, and
whether there was in fact a need for the ecosystem services at all
(Spangenberg et al., 2014). For example, for the ecosystem service
‘flood attenuation’, the following are listed as opportunities for im-
provement: average slope of the wetland's catchment, inherent runoff
potential of soils in catchment, contribution of catchment land-uses to
changing runoff intensity from the natural condition, rainfall intensity
and extent of floodable property downstream.
It seems highly appropriate that the demand for the ecosystem
service is considered in its scoring (Spangenberg et al., 2014). Rather, it
seems that the problem of the scoring lies in its inappropriateness for
this particular hydro-geomorphic type: valley-bottom wetlands. It
seems better suited to floodplain wetlands. For example, the ecosystem
service is scored on: the size of the wetland, the slope, the surface
roughness, presence of depressions, frequency of stormflows, sinuosity
of the channel and representation of different hydrological zones. These
pristine valley-bottom palmiet wetlands do not have channels nor de-
pressions, and most of the other parameters are constant for the
catchment. Therefore, degraded wetlands are incorrectly scored simi-
larly to pristine ones. It is recommended that for the valley-bottom
hydro-geomorphic unit, different parameters are used for scoring reg-
ulating ecosystem services, such as presence of a channel or other
erosion, loss of native vegetation due to alien invasion, height/density
of the vegetation, width of the valley, amongst others.
4.3. Implications for decision making
The WET-Ecoservices tool is particularly useful for rapid appraisals
of wetland ecosystem services of most South African hydro-geomorphic
units (Sieben et al., 2017). However, for unchannelled valley-bottom
wetlands, there appear to be some challenges, especially for water-re-
lated ecosystem services, whereby pristine wetlands are underscored.
This could present challenges for decision-makers using this tool, who
might decide that agriculture is beneficial holistically, because de-
gradation would not appear to affect ecosystem service supply sig-
nificantly. However, if analyzed in a little more depth, as done in this
study, it is possible to understand where the issues lie, and to adapt the
tool for this hydro-geomorphic unit accordingly. It is still a valuable
way to understand the relevant trade-offs and synergies between eco-
system services. From the results, it is clear that pristine palmiet wet-
lands provide valuable ecosystem services to society, both to down-
stream users and society as a whole. Nowadays most planning,
management and development decisions regarding the conservation of
wetlands are implemented based on economic grounds and the forces at
play within the free-market system (Bullock et al., 2011). Therefore,
agriculture and wetland conservation will always be in conflict, as
farming is a business and farmers need to make a living (van der Valk
and Jolly, 1992).
However decision-makers have some strategic decisions to make in
terms of land-use planning, in light of the demonstrated conflicts be-
tween agriculture and palmiet wetlands (Nel et al., 2013). It is clear
from our findings that palmiet wetlands provide valuable water-related
ecosystem services, but that the agriculture that could replace them is
marginal (Gull, 2012). In a water scarce country, this makes a strong
case to prioritize these catchments for water-provision, and pre-
ferentially focus agricultural activities in catchments where agriculture
has higher productivity, faces fewer threats (e.g. floods) and is gen-
erally more profitable.
With a decline in governmental support for conservation within and
outside protected areas, a greater pressure to create innovative and
maintainable solutions for endorsing and financing conservation is
needed (Lukey et al., 2017). Biodiversity offsetting and Payments for
Ecosystem Services are market-based mechanisms that have the po-
tential for playing a vital role in reaching conservation goals and
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supporting ecosystem health in a more general sense (Blignaut et al.,
2010; Lukey et al., 2017; Turpie et al., 2008). The aim of Payments for
Ecosystem Services is to remunerate those who are providing ecosystem
services as an incentive to protect the system from development, or to
restore the system. This involves quantifying ecosystem service provi-
sion, and valuing these ecosystem services, and introducing them into
the economy (Bullock et al., 2011). Governments may be willing to
invest in the protection of ecosystem services that have a tangible
(economic) benefit, such as water provision (Tallis et al., 2008). In the
case of palmiet wetlands, at least two occur upstream of important
water impoundments for large cities (the Kromme for Port Elizabeth
and the Theewaterskloof for Stellenbosch and Cape Town). Therefore,
there is certainly scope to create an economic argument for the pro-
tection of palmiet wetlands through a Payments for Ecosystem Services
system. Organizations such as ‘Living Lands’ in the Kromme aim to
restore degraded landscapes to ‘living landscapes’ through acting as
landscape mobilizers, by improving collaboration between the different
stakeholders and beneficiaries of these ecosystem services in the land-
scape (Cowling et al., 2008).
One successful example of this strategy is that of the Catskill
Catchment in New York (Postel and Thompson, 2005), where holistic
farm planning was developed as an attempt to decrease pollution of the
watershed. In this system, farmers were incentivized to pollute less, by
having their operational and capital costs of investment into pollution
control covered by the city of New York. Through collaboration, cost
efficiency was achieved and private as well as social benefits realized.
Such a model could be applied in palmiet wetlands, whereby land-
owners could be variously compensated for either (1) farming sus-
tainably (no till, rainfed irrigation, appropriate grazing densities, nat-
ural fire regimes) and maintaining legal buffer strips adjacent to
wetlands, (2) not farming in the narrow valley bottoms at all, but
continued grazing at appropriate densities on mountain slopes, natural
fire regimes, agriculture in the uplands, possibly combined with eco-
tourism, or (3) transitioning from traditional farming to alternative
income streams such as ecotourism, or entering into biodiversity
stewardship agreements or adding the land to a nature reserve. This
financial investment by municipalities or the private sector, combined
with well-managed and gauged water use by landowners, would theo-
retically result in improved water security, reduced flood damage and
an improvement in water quality. In effect it would be maximizing the
water-related ecosystem services of these strategic water source areas,
as well as providing fringe benefits such as carbon sequestration and
habitat biodiversity amongst others. Investing in palmiet wetlands
ecological infrastructure could be a viable way for cities downstream of
these wetlands to augment their water supply, and decrease costs of
water purification.
It is important to note that this is not a ‘one-size-fits-all’ solution.
This strategy is suggested for catchments containing valley-bottom
palmiet wetlands because they have been found to provide valuable
water-related ecosystem services, with marginal agricultural benefits
(Gull, 2012). The production of food and improved food security is
critical for South Africa. However we argue that there needs to be
greater strategic thought put into whether a catchment is ‘farmed’ for
food or for water, as this is not always compatible, and trade-offs exist
(Nel et al., 2013). There may be other catchments where agriculture is
highly productive and profitable, not in conflict with a strategic water
source area (Nel et al., 2013), where this approach would not be ap-
propriate. However there is a strong argument that for arid countries,
like South Africa, agriculture should be strategically limited in less
suitable catchments for food production where water ecosystem ser-
vices are critical. Whether a payments for ecosystem services scheme is
appropriate would be up to the beneficiaries to decide (e.g. the cities
downstream who depend on the water). If they value the water enough,
and are willing to pay to assist landowners in making a shift towards
more sustainable methods, there are opportunities for the improvement
of water related ecosystem services in these catchments.
5. Conclusion
Pristine palmiet wetlands provide valuable ecosystem services to
society, which are currently being compromised for marginal private
gain. These pristine wetlands sequester between 21 and 41 g.m−2 of
carbon per year, have nitrogen and phosphorus uptake efficiencies of
62–85% and 16–89% respectively and provide about 16 times more
flood attenuation relative to degraded wetlands. The full impact of
degradation on wetland ecosystem services was not entirely captured
by the rapid ecosystem service assessment tool: WET-Ecoservices. We
suggest some adaptations for the hydro-geomorphic unit: valley-bottom
wetlands. Overall these wetlands have high potential for incorporation
into a Payments for Ecosystem Services scheme, due to their position
above important water impoundments (demand for ecosystem ser-
vices). We recommend collaboration between private landowners
struggling with marginal agriculture, and decision makers in cities
dealing with water shortages and debt to ensure the most efficient and
judicious use of these palmiet wetland ecosystem services.
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